Introduction
Low valent actinide (essentially uranium and thorium) chemistry has attracted significant attention, both from a purely academic viewpoint but also in the context of activation of important small molecules.
1 Examples of the latter include CO cyclo-oligomerisation, 2 CO2 3 and SO2 4 reductive coupling, NO/CO co-disproportionation, 5 CO/H2 coupling, 6 N2 activation, 7 and electro-catalytic splitting of H2O promoted by sterically encumbered U(III) complexes. 8 The common denominator amongst all these examples is that they employ the An(III)/An(IV) (An =  Dedicated to Bill on the occasion of his 70
th birthday -and wishing him many more! U, Th) redox couple to promote reactivity (hereafter the discussion will focus on uranium). On the other hand, uranium complexes in oxidation state (IV) exhibit reactivity attributed mainly to the insertion of reactive molecules (CO, CO2) into U(IV)-X (X = C, H, heteroatom), 9 although there are examples of U(III) alkyl complexes with bulky substituents that will also undergo such reactivity rather than promote a redox event. 10 Recently, more attention has been shifted towards higher oxidation complexes (ie (V), (VI) ) of uranium that historically has been dominated by the chemistry of the uranyl moiety. 11 These investigations have led to the isolation of novel compounds with multiple U-E bonds (E = N, 12 O, 13 S, 14 Se, 14 Te 14 ) that have not only provided useful insights into the nature of the U-E bond but have also provided novel examples of chemical reactivity. 15 In this context, uranium imido {[U]=NR} complexes have provided an important entry for the study of these higher oxidation 16 states. Landmark examples include: the synthesis and isolation of the U(V) complexes UCp Me 3 (=NR) (R=Ph, SiMe3), 17 the U(VI)
complex UCp*2(=NPh)2, 18 and more recently the synthesis of imido analogues of the uranyl ion, 19 high valent uranium imido complexes supported by non-innocent ligands, 20 as well as the isolation of 'homoleptic' U(VI) imido complexes. 21 These well-defined molecular examples have allowed the study of the nature of the U=NR bond and its relationship to the isoelectronic U=O bond, and have been shown to display a diverse electrochemical behavior. In terms of reactivity towards small molecules, it has been shown that U(V) imido complexes can undergo a metathesis type reaction with CO2 to release R=N=C=O and produce stable terminal U(V) oxo complexes. 22 We have recently described how steric manipulation of the ligand environment around the uranium centre in mixed sandwich complexes can facilitate the isolation of U(V) nitride and terminal oxo complexes, 23 and were thus interested in expanding this chemistry to include the closely related imido derivatives. Herein we report on the synthesis and isolation of B(2, 4, 2) and some preliminary investigations into their redox behaviour. 2a and is in accordance with the general trend observed upon oxidation of the U(III) metal centre to U(V) but out of the range of +160 to -90 ppm quoted for the seven examples of U(V) complexes compared in this study. 24 In the case of (4), the 11 B{ 1 H}-NMR spectrum displayed a very broad signal (Δν1/2 = 1688 Hz) centred at 135.86 ppm. Mass spectrometry (EI) showed the expected molecular ions with the correct isotopic distributions and microanalysis was consistent with the molecular formulations, with the exception of (4), where it has been documented that higher deviations from theoretical values are common for boron azides. 25 The structures of all three complexes have been confirmed by single crystal X-ray diffraction studies. They are extremely soluble in common hydrocarbons and crystalline solids could only be obtained from SiMe4 or mixtures of SiMe4 and n-pentane (see experimental section). Figure 1 shows the ORTEP diagrams of (2), (3) and (4), while a comparison of selected bond lengths and angles is given in Table 1 .
Results and Discussion

Synthesis of [U]=NR complexes
Figure 1: ORTEP diagrams of the molecular structures, from left to right, of (2), (3) and (4) respectively displaying 50% thermal ellipsoids (hydrogen atoms and i Pr groups as well as a molecule of SiMe4 in the asymmetric unit of (4), have been removed for clarity). (2), (3) and (4).
The U-N bond distances are characteristic of a U-N multiple bond and are all in the range of 1.90 to 2.12 Å, as previously observed for [U(n)-N(imido)] (n = IV-VI) complexes. 20, 21, 22, 26 In the case of (2), the U-N bond length is at the shorter end of this range, and also slightly shorter than those found in both (3) and (4). This trend correlates well with the decreasing linearity of the R-N-U moiety in the series ((2) > (3) > (4)) that probably accounts for decreased effective overlap between π orbitals of the uranium centre and the NR ligand, and therefore increasing the U-N bond distances in the series. Furthermore, in the case of (4) 28 The Ct(COT)-U-Ct(Cp*) angle in the case of (4) is more obtuse compared to the ones in (2) and (3) (which are the same within esds), probably due to the flexibility of the mesityl substituents to orient themselves in such a way as to minimise steric repulsions.
It is worth noting that the synthesis of both (3) and (4), proceeds with the title compounds being the only observable uranium containing species in solution as evidenced by NMR scale reactions. On the other hand, when a solution of SiMe3N3 in C7D8 was vacuum transferred to a solution of (1) in the same solvent at -78 °C followed by slow warming to RT, 1 H and 29 Si{ 1 H}-NMR spectroscopy showed the existence of two species in solution in an approximate ratio of 4:1.
The major constituent was indeed complex (2) (as evidenced by comparison with an authentic sample) while the minor constituent displayed paramagnetically shifted sharp peaks consistent with a symmetric U(IV) complex. Furthermore, a singlet located at 0.07 ppm was also observed and was attributed to Si2Me6. Based on these observations, and literature precedents 26a,g,o Scheme 2: Formation of (5) as the minor by-product of the synthesis of (2) and its independent synthesis from (6) and NaN3. 
with an excess of NaN3 in THF (Scheme 2). In this case, (5) is easily isolated as a dark brown crystalline solid after extraction of the reaction mixture in hot toluene and displays identical spectroscopic ( 1 H and 29 Si{ 1 H}-NMR) features to that obtained from the reaction of (1) with SiMe3N3.
Electrochemical studies
All three imido complexes display a quasi-reversible (over a range of potential scan rates) reduction process at -1.76 V for (2), -1.74 V for (3) and -1.62 V for (4) The observed E1/2 values for (2) and (3) = halide, OTf, SPh, CCPh, NPh2, OPh, Me, N=CPh2). 30 Unlike the afore-mentioned compounds, in our case no anodic waves corresponding to an oxidation process were observed over the scanned solvent window.
In the case of (4) the measured E1/2 value is approximately 0.16 V higher compared to (2), (3) and (7) meaning that (4) is reduced more easily. This is most likely due to the Lewis acidic boron atom accepting electron density from the nitrogen, thus making the metal centre less electron rich. This observation is also consistent with the explanation for the elongated U-N bond length in the molecular structure of (4).
Chemical reduction of (2)
Based on the voltammograms in Figure 3 (and the precedence of the reduction of (7) 23 ), the anionic [U(IV)=NR] -complexes should be chemically accessible. Indeed, in the case of (2) this reduction proceeds very cleanly in the presence of a small excess of K/Hg (0.4-0.5% w/w) within a few minutes in THF as solvent, as evidenced by the colour change from brown to a deep wine-red (see Scheme 3 Scheme 3: Synthesis of (9) Red crystals of (9) suitable for a single crystal X-ray diffraction study were obtained from slow evaporation of a 2:1 C6H6/Et2O solution at room temperature, and the molecular structure is shown in Figure 4 (left), together with selected bond lengths and angles. The U-N bond (1.972(5) Å ) in the anionic complex (9) is slightly elongated compared to that in the parent complex (2) (1.935(7) Å); a similar phenomenon has been observed with the lengthening of the U-O bond upon the reduction of (7) (see above). Nevertheless, this bond is still in the range of U-N multiple bonds observed for [U(n)=N(imido)] (n = IV-VI) complexes. Similarly the U-Ct(Cp*) and U-Ct(COT) in (9) are elongated compared to (2), while the Ct(Cp*)-U-Ct(COT) angle in (9) (172.1(5) ˚) is significantly more obtuse compared to that in (2) (133.71(3)˚). On the other hand, the U-N-Si angle remains unchanged, signifying the role of the imido moiety as a spectator ligand.
These pronounced differences in the metric parameters of the mixed sandwich unit could be due to the need to accommodate the K + counter-ion in the coordination sphere of the anion, in the absence of a coordinating terminal heteroatom as is the case for (8) . 23 Remarkably, when the reaction is repeated in the presence of 18-crown-6 in THF, (9) is still the only compound isolated after work-up. Furthermore, the 1 H-NMR signals attributed to (9) generated in-situ remain unchanged both in the presence or the absence of 18-crown-6 in C4D8O, further confirming that the crown-ether is not able to disrupt the K + cation environment in solution.
Nevertheless, since (9) is only soluble in (the presence of) THF, the formation of species where the intercalation of the potassium ion between the two carbocycles is disrupted by coordinating THF, cannot be excluded; nevertheless, the isolation of crystals of (9) in the presence of Et2O suggests that if such an interaction exists in solution then it is very weak. Unfortunately (9) could not be isolated as a microanalytically pure compound as it is thermally unstable; pink-red crystalline material has the tendency to convert into an as yet unidentifiable brown non-crystalline solid, with concomitant ligand decomposition.
When (3) was reduced in the same manner (2), a colour change to brown red was observed;
in the case of (4) when the reduction was carried out in a non-coordinating solvent (e.g. toluene) the almost instant formation of a red precipitate was observed. Unfortunately, in both cases we have not managed to isolate well-defined complexes but initial spectroscopic evidence (sharper signals in the 1 H-NMR spectra consistent with reduction to U(IV)) suggests that similar reactivity to that of (2) is occurring. 
Conclusions
Experimental:
General Procedures:
All manipulations were carried out in a MBraun glovebox under N2 or Ar (O2 and H2O <1 ppm) or by using standard Schlenk techniques under Ar (BOC pureshield) passed through a column containing BASF R3-11(G) catalyst and activated molecular sieves (4 Å). All glassware was dried at 160 °C overnight prior to use. Filter cannulas were prepared using Whatman 25 mm glass microfiber filters and were predried at 160 °C overnight. THF and toluene were dried over molten K and distilled under a N2 atmosphere and were kept in Young ampules over activated molecular sieves (4 Å) or a potassium mirror, respectively, under Ar. Hydrocarbons were dried over NaK, distilled under a N2 atmosphere, and kept in Young ampules over a potassium mirror under Ar.
SiMe4 (≥99%) was purchased from Aldrich, degassed by three freeze−thaw cycles and dried by stirring over NaK for three days before being vacuum distilled and kept over molecular sieves (4 Å) (2, 4, Scaling up this preparation was not undertaken as boron azides are potentially highly energetic materials.
(Cp*)(THF)} were dissolved in ca 10 mL of n-pentane in an Ar glovebox with vigorous stirring and were treated with 80 μL (1.04 mol eq) of TMSN3 in 2 portions at RT. During addition effervescence was observed and a colour change from black brown to dark brown-orange. After 10 minutes of stirring volatiles were removed and the residue was extracted in SiMe4 (ca 10 mL) and filtered through a glass-microfibre filter pipette in an Ar glovebox. The SiMe4 extract was let to evaporate slowly at RT to ca 2 mL before being placed at -35 ºC overnight to produce the title compound as a dark brown crystalline solid in two crops. Yield: 360 mg (ca 71%). degassed and cooled at -78 ºC and to that was vac-transferred a degassed solution of 4 μL (1.04 mol eq) TMSN3 in ca 0.2 mL C7D8. Upon warming to RT effervescence was observed and the 1 H-NMR spectra were recorded to show formation of (2) and (5) H 8.57; N 1.23. Found: C 58.87; H 8.38 ; N 2.14 repeated attempts from re-crystallised batches of different syntheses gave irreproducible nitrogen analyses.
NOTE:
The low yield is probably due to the high solubility of the product in apolar solvents. When the reaction was repeated on a NMR scale the product was found to be present in solution in >85%
yield. (6) and 15 mg (1.9 mol eq) NaN3 and THF (ca 10 mL) was added to it to give a dark red solution. The reaction mixture was stirred overnight at RT to adopt a dark brown colouration. Volatiles were removed in vacuum and the residue was extracted with hot toluene (3x5 mL) and filtered while warm via a filter cannula. 
Independent synthesis of {U[η
X-ray Crystallography
The datasets for (5) was collected on a Bruker-Nonius KappaCCD area detector diffractometer with a sealed-tube source (Mo Kα) and an Oxford Cryosystems low-temperature device (173 K), operating in ω scanning mode with ψ and ω scans to fill the Ewald sphere. The programs used for control and integration were Collect, 31 Scalepack, and Denzo. 32 Absorption corrections were based on equivalent reflections using SADABS. 33 In the case of (4) data were collected using an Agilent Gemini Ultra diffractometer with an Enhance source (Mo Kα) equipped with an Eos CCD area detector and the same temperature device as above. The strategy used for data collection is the same as previously. Control, integration and absorption correction were handled by the CrysAlis Pro software. In the case of (2) and (3), data were collected using the same Agilent single crystal diffractometer as above with an Enhance Ultra source (Cu Kα). Control, integration and absorption correction were handled by the CrysAlis Pro software. In the case of (9) data were collected on a 100 K. Control of the instrument was handled by the d-Trek software and the data set was processed after its collection using the CrysAlis Pro software suite. In the case of (3) a numerical absorption correction based on gaussian integration over a multifaceted crystal model was applied. The crystals were mounted on a glass fiber with silicon grease or MiTiGen loops, from dried vacuum oil kept over 4Å in a MBraun glovebox under Ar. All solutions and refinements were performed using the WinGX 34 package and all software packages within. All non-hydrogen atoms were refined using anisotropic thermal parameters, and hydrogens were added using a riding model. CCDC deposition numbers 1570061-1570065 for (2)- (9), respectively . Crystal structure and refinement details are given in the following Table 2 . Crystal structure and refinement details
